We present results from a deep sub-millimeter survey in the Serpens Main and Serpens/G3-G6 clusters, conducted with the Submillimetre Common-User Bolometer Array (SCUBA-2) at the James Clerk Maxwell Telescope. We have combined Herschel PACS far-infrared photometry, sub-millimeter continuum and molecular gas line observations, with the aim to conduct a detailed multiwavelength characterization of 'proto-brown dwarf' candidates in Serpens. We have performed continuum and line radiative transfer modeling, and have considered various classification schemes to understand the structure and the evolutionary stage of the system. We have identified four proto-brown dwarf candidates, of which the lowest luminosity source has an L bol ∼0.05 L . Two of these candidates show characteristics consistent with Stage 0/I systems, while the other two are Stage I-T/Class Flat systems with tenuous envelopes. Our work has also revealed a ∼20% fraction of mis-identified Class 0/I/Flat sources that show characteristics consistent with Class II edge-on disk systems. We have set constraints on the mass of the central object using the measured bolometric luminosities and numerical simulations of stellar evolution. Considering the available gas+dust mass reservoir and the current mass of the central source, three of these candidates are likely to evolve into brown dwarfs.
Introduction
The 'Serpens Main' or the 'Serpens Core' cluster has been the subject of several studies at various wavelength regimes to understand the influence of the cluster environment in the process of star and planet formation. This young embedded cluster is concentrated into the north-western (NW) and south-eastern (SE) clumps or sub-clusters (Casali et al. 1993; Davis et al. 1999) . About 45 south of the Serpens Main lies another active star-forming region, 'Serpens/G3-G6' (Serp/G3-G6), which is a complex around four T Tauri stars named G3 to G6 in a 30 field (e.g., Harvey et al. 2006; Djupvik et al. 2006) .
Several infrared surveys conducted in these clusters have identified more than 200 young stellar objects (YSOs) in various evolutionary stages, from pre-stellar cores to Class 0 to the more evolved Class II young disk sources (e.g., Evans et al. 2003; Harvey et al. 2006; 2007ab; Evans et al. 2009) . A high population of Class 0/I systems has been found in the NW and SE sub-clusters, while the more evolved Class II/III sources are dispersed over the larger region (e.g., Kaas et al. 2004; Harvey et al. 2006; Winston et al. 2007 ). Far-infrared Herschel observations have revealed new protostars (Bontemps et al. 2010; Konyves et al. 2010 ). In the sub-millimeter/millimeter regime, Enoch et al. (2007; identified 12 continuum sources in CSO Bolocam observations at 1 mm. A more extensive sub-millimeter catalogue in Serpens Main has been constructed using the SCUBA bolometer array camera on the James Clerk Maxwell Telescope (JCMT), named the SCUBA Legacy Catalogue (SLC; Di Francesco et al. 2008) . Four pre-stellar cores were later identified in the SLC (Sadavoy et al. 2010 ). Recent observations with CARMA have identified a network of filament structures that may fragment into protostellar cores (Lee et al. 2015) .
We have conducted a deep sub-millimeter continuum survey of the Serpens Main and Serp/G3-G6 clusters, using the Submillimeter Common-User Bolometer Array (SCUBA-2; the contribution to the luminosity from ongoing accretion. The bolometric luminosity in such a case can only provide an upper limit to the stellar luminosity or mass of the source.
We have taken into account the accretion effects and set constraints on the mass of the central object using new, more accurate accreting models, as presented in Sect. 4.2.
Sub-millimeter Continuum Observations
We obtained sub-millimeter continuum observations using the JCMT SCUBA-2 (Holland et al. 2013 ) instrument. SCUBA-2 provides dual-wavelength observations at 450 and 850µm. The default map pixels are 2 and 4 and the half-power beam width is 7.5 and 14.5 in the 450 and 850 µm bands, respectively. The observations were obtained in the months of April-June, 2014 (PID: M14AU05) in Grade 2 weather (225 GHz opacity of 0.06). We used the CV Daisy observing mode, and also applied a matched-beam filter which utilises the full flux in the beam. Using this setup, we obtained a 1-σ rms of ∼3 mJy/beam at 850 µm. The reduction and calibration of the SCUBA-2 data was conducted using the Sub-Millimetre User Reduction Facility (SMURF), which is available under the Starlink package. The final science maps were produced using the various steps and the default configurations described in the map-making process DIMM (Dynamic Iterative Map-Maker; Chapin et al. 2013) . We used the KAPPA and PICARD softwares for the post-processing of the science maps. To improve the point-source detectability, the PICARD recipe SCUBA2 MATCHED FILTER was applied to the flux-calibrated science maps. This recipe fits a single Gaussian point spread function (PSF), centered over every pixel in the map, and applies a background suppression filter to remove any residual large-scale noise. The half-power beam width in the respective bands was used as the full-width at half maximum of the Gaussian fit. The images are convolved with the modified PSFs. This technique is recommended for faint source extraction and has been utilized before in e.g. creating the SCUBA Legacy catalog (Di Francesco et al. 2008) . The matched filtering technique is valuable to extract the optimum flux from such low-luminosity objects, and helps to minimize the contamination from the surrounding cloud material. The full scale of the 850 µm maps are shown in Fig. 1. 
Mid-infrared Spectroscopy
We obtained mid-infrared low-resolution (R∼600) N-band spectroscopy with the CanariCam spectrograph on the Gran Telescopio Canarias in June, 2015. The observations were conducted under conditions with PWV≤8 mm. We observed using the chop-nod mode, and a slit width of 0.5 . We obtained a 1-σ point source sensitivity of 55 mJy at 10µm. For data reduction, we used the RedCan pipeline developed by Gonzalez-Martin et al. (2013) . The final products from this pipeline are flux-calibrated spectra combined from multiple exposures of each science target. We estimate a SNR∼10 for the spectra; the SNR is lower at the very base of the spectrum near ∼9.5 µm. For three sources, low-resolution Spitzer/IRS spectra were available in the archives, and these were extracted and calibrated using the Spitzer IRS Custom Extraction (SPICE) software. Further details on the processing of the Spitzer/IRS spectra are provided in Riaz (2009) . The mid-infrared spectra are shown in Fig. 2. 
Archival Data

Herschel PACS Observations
We have analyzed the archival Herschel PACS 70 µm, 100 µm, and 160 µm scans of Serpens Main and Serp/G3-G6 clusters. These observations were taken from the programmes ObsIDs 1342229080 and 1342206676. We analyzed the final pipeline-processed "Level 2.5" data, and used the rectangular-sky photometry task provided in the Herschel Interactive Processing Environment (HIPE). The rectangular photometry task applies aperture photometry to both a circular target aperture and a rectangular sky aperture.
The sky intensity was estimated using the median-sky estimation algorithm. Since the sky intensity could vary with location, we selected four different background regions around the target and measured the sky-subtracted source flux in each sky region. The final source flux and error is the mean and the standard deviation of these four flux measurements.
Molecular Line Observations
We searched for molecular line observations in various archives, and were able to retrieve observations of the HCO + (3-2) transition obtained with the CSO heterodyne receiver (XFFTS spectrometer). The final processed CLASS files for the HCO + data were kindly sent by N. Evans and A. Heiderman, while some of the data was obtained from the CSO archives. The data reduction process of the HCO + data is discussed in Heiderman & Evans (2015) . There were no C 18 O line observations available in the archives for the VLM/BD sources detected in the SCUBA-2 maps. The molecular line spectra for the individual sources are discussed in Sect. 3.3.
Results
We have detected 7 Class 0/I and 8 Class Flat very low-luminosity YSOs in our SCUBA-2 sub-millimeter observations. A detailed description of the YSOs that have a bonafide detection in the 850 µm band, with a signal-to-noise ratio SNR ≥ 5, is provided in Sect. 3.3. The bonafide detections are listed in Table 1 . The PACS and SCUBA-2 photometry for these sources is listed in Table 2 . Among the bonafide detections, there are four 'mis-indentified' cases for which the evolutionary stage based on the physical characteristics appears inconsistent with their original SED class provided in the c2d catalog (Sect. 3.3.1). In addition, there are 6 proto-brown dwarf candidates that are undetected (SNR < 2) in the SCUBA-2 maps, but show emission in the HCO + (3-2) molecular line (Sect. 3.4). The discussion on sources with marginal sub-millimeter detection (SNR ∼2), and sources that are unresolved/confused in the SCUBA-2 and PACS maps due to close proximity to a more luminous protostar is presented in Sect. 6.
Radiative Transfer Modeling of the Spectral Energy Distributions
Radiative transfer modeling of the spectral energy distributions (SEDs) can map the physical structure of the system, and is important to obtain estimates on the masses and sizes of the envelope and disk components, the envelope mass infall rate, the inclination angle of the system. It can also provide better constraints on the contribution to the total luminosity from the envelope and disk components. We have built the spectral energy distribution (SEDs) for the bonafide detections by compiling photometric data in the near-infrared from the UKIDSS and/or the 2MASS surveys, in the mid-infrared from the ALLWISE catalog, the PACS far-infrared photometry, and the SCUBA-2 sub-millimeter photometry. For 6 sources, the mid-infrared spectra have also been included in the fits. For three sources, the 1.1 mm photometry from CSO Bolocam observations is available. However, the 1.1 mm flux density is higher than the 850 µm photometry for all three sources, due to which we have opted not to use the 1.1 mm point in fitting the SEDs.
Any model that provides a good fit to the 1.1 mm point misses the far-infrared 70-160 µm and the sub-millimeter 450 and 850 µm points, and is a poor fit to the overall SED. The possible reasons for the discrepancy between 850 µm and 1.1 mm photometry are discussed in Sect. 6.3.
The SED modeling was conducted using the two-dimensional radiative transfer code by Whitney et al. (2003) . The main ingredients of the model are a rotationally flattened infalling envelope, bipolar cavities, and a flared accretion disk in hydrostatic equilibrium.
For the circumstellar envelope, the angle-averaged density distribution varies roughly as ρ ∝ r −1/2 for r R c , and ρ ∝ r −3/2 for r R c . Here, R c is the centrifugal radius and is set equal to the disk outer radius. This includes only the current infalling part of the envelope. Beyond r inf all , the density decreases as r −2 and most mass is out in that region for early (Stage 0) phase. The disk density is proportional to −α , where is the radial coordinate in the disk midplane, and α is the radial density exponent. The disk scale height increases with radius, h = h 0 ( /R * ) β , where h 0 is the scale height at R * and β is the flaring power. The disk extends from the dust sublimation radius, R sub = R * (T sub /T * ) −2.1 , to the outer disk radius, R disk,max . Here, T sub is the dust sublimation temperature which was set to 1600 K. The bipolar cavities in the models extend from the centre of the protostar to the envelope outer radius (R max,env ). We adopted the curved shaped cavity, which has the structure of z = a β , where = (x 2 + y 2 ) 1/2 and the constant a is determined by a relation between the envelope radius and the cavity opening angle (Whitney et al. 2003) . M env parameter using both the sub-millimetre and the near-infrared points.
The amount of flaring in the system, particularly around ∼100µm, can be controlled with the centrifugal radius. For smaller values of R c , the model SEDs show more flux at wavelengths ≥24 µm and lower fluxes shortward of ∼8 µm. Decreasing R c implies that infalling material piles up closer to the central protostar. This results in fewer photons that can escape through the cavity walls and the disk upper layers, and shifts the far-infrared peak in the model SED towards shorter wavelengths. Likewise, the effects of the inclination angle on the model SED are also mainly seen in the far-infrared. A high-inclination system implies that there is more absorbing material in our line-of-sight. Thus with decreasing inclination angle, there is a decline in the far-infrared fluxes near 100 µm, and an increase in the near-and mid-infrared fluxes. The effects of increasing the outer radius of the envelope (R env,max ) are mainly seen in the model SED at the longest wavelengths. This parameter was constrained by the far-infrared/sub-millimeter points, and a value of ∼1500-2000 AU provides a good fit. The depth, shape, and width of the 10µm silicate absorption feature provides additional constraints to the envelope and cavity parameters in the model fits.
Increasing the envelope density results in a deeper silicate absorption profile, whereas increasing the cavity opening angle results in a shallower silicate feature. Among the disk parameters, the outer disk radius (R disk,max ) was set to the same value as the centrifugal radius, while the inner disk radius is a few stellar radii (∼3-5 R sub ). Results from the SED modeling for the individual sources are discussed in Sect. 3.3.
Radiative Transfer Modeling of the Molecular Lines
The HCO + (3-2) transition can probe the dense gas located in the inner regions of protostellar envelopes, and is known to be an important indicator of a Class 0/I source (e.g., van Kempen et al. 2009 ). The interpretation of HCO + data requires a simple model to verify the dynamics of the system. We adopt the 'two-layer' model of Di Francesco et al (2001) , based on Myers et al. (1996) . The two layers are assumed to be a uniform slab layer characterized by a single temperature T f and T r for front and rear layer, respectively.
The difference from the earlier Myers et al (1996) model is the addition of a continuum layer T c in between. The front layer is a representative of the red-shifted layer which has H 2 number densities between 10 4 to 10 6 cm −3 . An estimation for the excitation temperature with an HCO + column of 10 12 -10 13 cm −2 yield 7-9 K, based on RADEX models. This is sub-thermally excited gas assuming the emitting region is between 15 to 20 K. On the other hand, the rear layer is always thermalized at between 15 to 20 K depending on the physical structure. These values were determined from the typical temperatures at > 500 au in the system, considering the best-fit SED models. Here, we fixed the front layer to 9
K and a rear layer to 15 K. The free parameters are infall velocities υ inf , optical depth τ 0 , and the filling factor Φ. The models also have a broadening factor for the Gaussian line profile. The exact values may change depending on the adopted excitation temperatures.
However, the goal of this modelling is to characterize the infalling velocities, which showed a weaker dependence on the adopted excitation temperatures. The systemic cloud velocity in Serpens is taken to be ∼8 km s −1 (e.g., Kirk et al. 2013) . The model profiles are further discussed in Sect. 3.3 and Sect. 4.1.
Bonafide Detections
SSTc2d J182902.12+003120.7 (J182902.12): This is a Class Flat (α IR = 0.27) source with an L bol = 0.05 L ( Table 1 ). The SCUBA-2 maps show a clearly extended object in the 450 µm band, but less extended emission at 850 µm (Fig. 3 ). There is also a clear detection in the PACS bands. It has been previously detected in the dust continuum emission at 1.1 mm ), based on which it was categorized as an envelope source ).
The SED for J182902.12 shows deep absorption in the mid-infrared silicate feature, followed by a steep rise in the far-infrared (Fig. 4 ). An envelope component is required in order to fit the far-infrared and sub-millimeter points. The best model fit indicates an envelope mass of ∼8 M Jup and a disk mass of ∼2 M Jup , with an edge-on inclination of ∼80
• for the system (Table 3) . The HCO + spectrum shows weak emission with a peak at the cloud velocity (Fig. 5 ).
SSTc2d J182855.78+002944.8 (J182855.78): Among the bonafide detections, J182855.78 is the most deeply embedded Class 0 source (α IR = 1.89), with a L bol =0.18L (Table 1) . This is a bright extended object in the SCUBA-2 maps (Fig. 3 ). The extended shape is more clearly seen in the 450 µm map. There is a point source detection in the PACS 70 µm and 100 µm bands, but a marginal detection in the 160 µm.
The best model fit to the SED shows a massive envelope of ∼0.2 M and a disk component of ∼7 M Jup , at a ∼30
• inclination for the system ( Fig. 4 ; Table 3 ). The HCO + (3-2) emission shows a broad profile, with a self-absorption component at the cloud systemic velocity, and a hint of a red-dominated asymmetry (Fig. 5 ).
SSTc2d J182949.57+011706.0 (J182949.57): This is a Class I (α IR = 0.66) system,
There is a clear detection in SCUBA-2 and PACS bands ( Fig. 3) , and is the first sub-millimeter detection for this YSO. We note that the 160 µm photometry is affected by the surrounding nebulosity and should be considered as an upper limit. The CanariCam mid-infrared spectrum shows a deep silicate absorption feature
The best SED model fit for J182949.57 shows both an envelope and a disk component (Fig. 4) . As seen from the fit, the disk component provides a good fit from the near-infrared up to the far-infrared points including the 10 µm silicate absorption feature, whereas fitting the sub-millimeter points requires an envelope. We also tested with a model that fits the far-infrared points, but this fit misses the sub-millimeter and mid-infrared photometry.
From the best-fit, the envelope and disk mass is estimated to be ∼33 M Jup and ∼17 M Jup , respectively, with a ∼40
• inclination of the system (Table 3 ). There is no HCO + line observation for this source.
Mis-identified Sources
SSTc2d J182841.87-000321.3 (J182841.87): The SCUBA-2 observations provide the first sub-millimeter detection for this Class I object (α IR = 0.37; L bol =0.16L ). There is clear detection for this source at the target location in the PACS 70 µm and 160 µm maps (Fig. 6 ). This object is at the edge of the PACS 100 µm map, due to which there is no photometric measurement in this band.
The SED modeling results for J182841.87 indicate two possible fits (Fig. 7) . The best-fit model provides a good fit to the sub-millimeter points as well as the full depth of the 10µm silicate feature, but misses the mid-and far-infrared points. The second model fits the mid-and far-infrared photometry, but misses the sub-millimeter points as well as the silicate feature. This indicates that a small envelope component is required in order to fit the sub-millimeter points. The best-fit is obtained for an envelope mass of ∼13 M Jup , a disk mass of ∼6 M Jup , and an inclination of 40
• for the system. In contrast, the second fit is mainly dominated by the disk emission, and is obtained for a close to edge-on disk at an inclination of ∼69
• and a mass of ∼7 M Jup . There is no HCO + (3-2) line detection. The characteristics for J182841.87 are consistent with either a Stage II edge-on disk source, or a
Stage I/II transition object with a tenuous envelope. This object has been mis-identified as an embedded Class I system. SSTc2d J182902.84+003009.6 (J182902.84): This is a Class Flat (α IR =-0.14) source with observed L bol =0.17 L . There is a point-like detection for this object in the SCUBA-2 and PACS 70 µm and 100 µm bands, though it appears (slightly) extended in the SCUBA-2 450 µm map (Fig. 6 ). There is no detection in the PACS 160 µm band. A detection at 1.1 mm has been previously reported, based on which it was categorized as an envelope source Evans et al. 2009 ).
J182902.84 shows an interesting 10µm silicate feature, with both an emission and an absorption component (Fig. 2) . Such a feature has been earlier noted in a brown dwarf edge-on disk (e.g., Luhman et al. 2007 ). The silicate emission component has an origin in the optically thin surface layers of the disk, whereas the absorption is caused by the highly extinguished inner disk wall. The best model fit to the J182902.84 SED shows an edge-on disk at a ∼75
• inclination, with a mass of ∼11 M Jup (Fig. 7) (Gorlova et al. 2010 ). J182955.69 shows a bright point-like detection in the SCUBA-2 maps, the first sub-millimeter detection for this object (Fig. 6 ).
It is difficult to confirm a detection in the PACS map as it lies in a nebulous, confused region. Thus the PACS photometry should be considered as upper limits. Results from SED modeling for J182955.69 indicate an edge-on disk at ∼75
• inclination, with a disk mass of ∼18 M Jup (Fig. 7) . The best-fit also indicates a very weak envelope component of ∼0.1 M Jup . The spectral slope lies close to the Class Flat/Class II boundary. J182955.69 is thus a mis-identified object, and appears as a disk-dominated Stage II or Class II source.
Possible proto-brown dwarf candidates
For 6 sources in our sample, there is no detection (SNR<2-σ) in the SCUBA-2 maps.
None of these sources are detected in the PACS maps. The observed L bol for these objects is <0.04 L , implying that the envelope masses are too low, and the non-detection can be explained by the poor sensitivity both in the SCUBA-2 and PACS maps. We consider these objects as potential proto-brown dwarf candidates.
Among these candidates, four sources show emission in the HCO + (3-2) line (Fig. 8) .
The line emission for three sources show a broad profile with self-absorption at the systemic velocity. For the source J182852.76+002846.8, the HCO + emission shows slightly blue-shifted asymmetry indicative of an infalling envelope. A weak indication of a blue component is also seen for J182959.03+011225.1, for which the main emission with a peak at ∼8 km s −1 must be dominated by the foreground cloud material. The line appears to be a blend of multiple velocity components, possibly arising from a molecular outflow. In contrast, the source J182947.01+011626.9 shows a slightly red-dominated asymmetry, as observed in some disk-dominated objects (e.g., van Kempen et al. 2009 ), although such asymmetries could also appear in some embedded sources driving an outflow (e.g., Harsono (1995) . In Table 1 (column 8), we have listed the classification as originally determined by Evans et al. (2009) , using both the spectral index and T bol criteria.
The classes from the two schemes are similar, except for the transition cases close to the boundary between Class Flat and Class II sources.
From our analysis based on SED modeling presented in Sect. 3.3.1, we have found 4 out of 7 bonafide detections to be mis-identified objects, such that their characteristics do not comply with the original classification based on α IR or T bol criteria. These include 3
Class Flat sources that show characteristics similar to Class II objects, and a Class I system that appears to be a Class Flat source. The revised classification based on SED modeling results are listed in Table 1 (column 9). As noted by Whitney et al. (2003) , there can be a wide range in α IR for a given T bol category, and therefore classifying a YSO only based on its observed characteristics of the spectral slope and/or the bolometric temperature can be erroneous, particularly for cases such as a face-on embedded YSO which may be mis-identified as Class II, or an edge-on flaring disk which may be mis-identified as a Class I object.
The "Stage" classification scheme introduced by Whitney et al. (2003) to produce any detectable emission in a high-density tracer such as the HCO + (3-2) line.
The sub-millimeter emission observed towards this source likely arises from a tenuous dusty envelope with low HCO + abundance. Overall, there appears to be less consistency in the classification determined from the physical structure of the system, and that from the molecular line detection (Table 1 ; cols. 8, 9).
It is important to note that there are shortcomings with these various classification schemes; none of these schemes have been developed using very low-luminosity objects. (2015) are more evolved cases of Stage II/I-T objects. Thus in both of these studies, the estimate on the mis-identified fraction is likely to be a lower limit.
Total Mass of the System
For the bonafide detections in the SCUBA-2 maps, we have derived the total (dust+gas) mass arising from the (envelope+disk) components of the system, M 850 g+d , using the 850 µm flux density. These masses have been derived assuming a dust temperature, T dust , of 10 K, a gas-to-dust mass ratio of 100, and a dust mass opacity coefficient at 850 µm of 0.0175 (Table 4 ; column 4). A higher T dust value of ∼20-40 K provides a better match between the two estimates. Considering that we have used the masking technique that should minimize the effects of beam dilution (Sect. 2.2), the system temperature can be expected to be warmer than 10 K. The high T dust values are consistent with the average dust temperatures of ∼30-40 K found from radiative transfer models of low-mass Class I protostars (e.g., Jorgensen et al 2011; Harsono et al. 2015) . Also listed in Table 4 (columns 5, 6) is the envelope and/or disk size obtained from the SED fit (S model ), and the spatial extent of the source as measured in the 850 µm image (S obs ). As can be seen, S obs is ∼2-10 times larger than the size S model from the SED fit. This can be expected given the large beamsize in single-dish observations, and S obs is likely an upper limit on the actual size of the system; interferometry can provide a more robust measurement on the source size. The larger than expected S obs suggests that M in the system.
The derived values of M SED g+d represent the available mass reservoir in the disk and envelope in the form of gas and dust. Low values of M SED g+d , such as for J182902.12 and the last four objects in Table 4 , imply that the mass of the central objects in these systems will not increase appreciably in the subsequent evolution. This conjecture is reinforced by the fact that they are classified as Flat objects, meaning that most of M SED g+d is contained in the disk rather than in the envelope.
We now proceed with setting constrains on the mass of the central object using the measured bolometric luminosities and numerical simulations of stellar evolution described in Baraffe et al. (2012) and Vorobyov et al. (2016) . These authors calculate stellar properties starting from a protostellar seed of 1.0 M Jup , and using the realistic mass accretion rates derived from numerical hydrodynamics simulations of disk evolution. While Baraffe et al. use precalculated mass accretion rates, Vorobyov et al. employ a fully self-consistent coupled evolution of the central object with disk hydrodynamic models. In both cases, the Lyon stellar evolution code is used to calculate the stellar properties (Chabrier & Baraffe 2000) . We refer the reader to these works for a detailed description. Here, we simply provide the results of the numerical simulations by Vorobyov et al. (2016) . Figure 9 presents the L int -M obj diagram for 31 models of accreting proto-brown dwarfs and protostars, where L int is the sum of accretion and photospheric luminosities of the central object (star or brown dwarf) and M obj is the current mass of the central object.
The data correspond to the Class I phase of stellar evolution. The horizontal dashed lines indicate the minimum and maximum bolometric luminosities of 0.05 L and 0.3 L in our sample (see Table 1 ). We note that the bolometric luminosity should be considered as an upper limit on the true internal luminosity, L int , of the system. The L int is the luminosity of the central protostar that does not include any contribution from the external heating of the circumstellar envelope by the interstellar radiation field. As a rough estimate, we have used the linear least-square relation between the observed flux at 70 µm and L int , obtained by Dunham et al. (2008) for a set of more than 80 embedded low-luminosity protostars.
The L int values are estimated to be ∼70-80% of L bol . Thus while L bol may include non-zero contribution from external heating sources, a major fraction of it comes from the central source.
As Fig. 9 indicates, the lowest luminosities of 
Summary
We have conducted a multi-wavelength study to identify and characterize proto-brown dwarf candidates in the Serpens Main and Serp/G3-G6 clusters. Our study has revealed four good candidates, as well as a ∼20% fraction of VLM/BD sources mis-identified as Object Name The first value indicates the revised classification based on SED modeling results (Sect. 3.1); the second value is obtained using the "Stage" classification scheme. 
Table 3. SED Model Fit Parameters
Object Name 
Table 4. Total Masses
Object Name Object Name 6. Appendix
Marginal Detections
There are three sources that are detected at a marginal (∼2-σ) level in the SCUBA-2 850 µm band, but are undetected at 450 µm as well as in the PACS bands. These sources are listed in Table 5 with the SCUBA-2 photometry, which should be considered as upper limits. None of these objects have prior detections reported at 1.1 mm or in the MIPS 70 µm band. There are no HCO + (3-2) observations available for these sources. For all of these cases, the best-fits from modeling the SEDs including the PACS and 450 µm upper limits indicate the presence of an edge-on disk of a very low-mass of ∼1-4 M Jup . The spectral slope of -0.29 for J183018.17+011416.9 is very close to the Class Flat/II boundary, so this is likely a disk only source. It has been classified as M2.9±0.6 YSO (Gorlova et al. 2010 ).
Among the Class I sources, SSTc2d J183002.08+011359.0 lies in a nebulous region, and J182959.38+011041.1 lies in the filament seen in the south-west sub-cluster. It is likely that the excess emission seen in the mid-infrared for these sources is due to the surrounding cold material rather than the source itself, resulting in the steep rise in the SED observed between 3.6µm and 4.5µm and a high value for the spectral slope. SSTc2d J182959.38+011041.1 also has a very low observed L bol of 0.008 L , while the lowest luminosity source detected in our SCUBA-2 observations has L bol ∼ 0.05 L . In contrast, the marginal detection of the relatively more luminous Class I source SSTc2d J183002.08+011359.0 is perplexing.
Deeper scans can help further characterize these sources.
Unresolved/Confused Sources
We have found four sources that are unresolved from a nearby bright YSO in the SCUBA-2 maps. The lowest luminosity case amongst these is SSTc2d J182909.05+003128.0 (L bol = 0.0078 L ) that lies at a ∼2 separation from the protostar SSTc2d 182909.07+003132.4 (L bol = 1.1 L ). The two objects are also unresolved in the PACS bands. While there are separate HCO + (3-2) pointings for the two sources, the observed profiles are very similar. The HCO + profiles for both sources show weak emission centered at the systemic velocity. Considering the large beamsize for these molecular line observations, the two pointings must be tracing the composite source. For another very low-luminosity case of SSTc2d J182952.21+011559.1 (L bol = 0.024 L ), there is no object seen at the source location in the SCUBA-2 450 µm map. This object is at a ∼13 separation to the bright protostar SSTc2d J182952.08+011547.8, and is within the beam size of ∼14.5 in the 850 µm band. This is a case of both a non-detection and an unresolved object due to the poor sensitivity and angular resolution in the SCUBA-2 maps.
Among the more luminous (L bol ∼ 0.1 L ) Class Flat sources, SSTc2d
J182957.66+011304.6 is in close proximity (≤8 ) to the pre-stellar core JCMTSF J182956.6+011309, while the faint object SSTc2d J182949.69+011456.8 is missed in the bright halo of the pre-stellar core JCMTSF J182949.8+011515. The HCO + line for both sources shows strong emission with blue-dominated axisymmetric profile, indicative of an infalling envelope. The strong emission, however, is caused by the massive sources within the 25 beamsize of the HCO + observations. Due to the HCO + detection, all of these faint unresolved/confused sources have been categorized as Stage 0/I embedded objects (Heidermann & Evans 2015) , which is incorrect. The classification for these objects is questionable as the sharp rise in the SED could be contaminated by the nearby protostar.
An additional source SSTc2d J183000.30+010944.7 (α IR = -0.12, L bol =0.09L ) is undetected in our continuum observations. This object is located in the filament at the very south of the south-west sub-cluster. There is no point source seen in the SCUBA-2
and PACS maps at the object location except confusion noise, which may have caused the Class I SED shape and the high L bol for this object. The actual source might be fainter than the observed luminosity. The HCO + line shows a symmetric profile centered at the systemic velocity. The α IR for this source is closer to the Class Flat/Class II threshold, and this might be a Class II object instead of the Stage 0/I classification determined from HCO + detection. Higher resolution observations are required to resolve these source and confirm their evolutionary stage.
Consequences of uncertainties
For three sources in our study, J182902.12, J182855.78, and J182902.84, there is 1.1 mm photometry available from CSO Bolocam observations presented in Enoch et al. (2009) . For all three cases, the 1.1 mm flux density is higher than the 850 µm photometry, and is notably offset from the best model-fit to the SED (Figs. 4; 7) . The beamsize for CSO Bolocam is almost twice that of SCUBA-2 850 µm band (∼14.5 ). As can be seen in the 850 µm images, there is a bright source about 18 away from the target J182855.78, while J182902.84 and J182902.12 lie in regions where diffuse nebulosity is seen about 20-25 from the target position ( Figs. 3; 6 ). It appears that for all three cases, the flux within the Bolocam 30 beam is likely enhanced due to the contribution from another source within the beam, or a higher contribution from the surrounding material, whereas there is less contribution from these contaminants in the 14 SCUBA-2 beamsize.
As discussed in Sect. 2.2, we have applied the masking technique to the SCUBA-2 maps, which can provide the optimum source contribution, particularly for such faint objects. The 850 µm photometry is thus more reliable, since a similar masking technique
has not been applied to the published 1.1 mm photometry. We have opted not to use the 1.1 mm point in fitting the SEDs; any model that provides a good fit to this point misses the sub-millimeter and far-infrared points, and is not a good fit to the overall SED.
Nevertheless, we have attempted to fit the 1.1 mm point for the case of J182902.12, which shows the largest offset in the 1.1 mm photometry (Fig. 4) . The model that provides a good fit to the 1.1 mm point shows more than half an order of magnitude higher fluxes at far-infrared and sub-millimeter wavelengths than the observed photometry, and is for an envelope mass of ∼14 M Jup and a disk mass of ∼3 M Jup , higher than the mass estimates obtained from the best-fit (Table 3) . Likewise, the envelope+disk mass for the J182855.78 system from a model that fits the 1.1 mm point is ∼260 M Jup , while a similar fit for J182902.84 is for a disk mass of ∼24 M Jup . As discussed in Sect. 4.2, M obj for J182902.12 is in the sub-stellar regime, and with an addition of envelope + disk mass of ∼18 M Jup , this system is still likely to reach a final mass below the sub-stellar limit, while J182855.78 and J182902.84 will likely evolve into very low-mass stars. However, the reduced-χ 2 value for such a fit is >5, much poorer than the fit obtained excluding the 1.1 mm point. The alternative total mass obtained by fitting the 1.1 mm photometry is thus not reliable.
Furthermore, in order to compare the total masses and physical properties for all sources in this study (Sect. 4), it is important to be consistent and use the measurements obtained by applying the same methodologies on the same set of data, rather than using the masses obtained from the 1.1 mm photometry for just three sources.
Finally, the distance to Serpens is still uncertain, as discussed in Sect. 1. While nearly all distance estimates are within ∼260-310 pc, the Dzib et al. (2010) measurement of 415 pc would imply that the L bol estimates for our targets would be higher by a factor of ∼2.5. Based on the arguments provided in Sect. 4.2, this would place the lowest luminosity sources J182902.12 and J182956.67 in the very low-mass regime, while the rest will likely evolve into low-mass stars.
